S100A4, a member of the S100 family of Ca 2؉ -binding proteins, is directly involved in tumor metastasis. In addition to its expression in tumor cells, S100A4 is expressed in normal cells and tissues, including fibroblasts and cells of the immune system. To examine the contribution of S100A4 to normal physiology, we established S100A4-deficient mice by gene targeting. Homozygous S100A4 ؊/؊ mice are fertile, grow normally and exhibit no overt abnormalities; however, the loss of S100A4 results in impaired recruitment of macrophages to sites of inflammation in vivo. Consistent with these observations, primary bone marrow macrophages (BMMs) derived from S100A4 ؊/؊ mice display defects in chemotactic motility in vitro. S100A4
INTRODUCTION
S100A4, also known as mts1, fibroblast-specific protein (FSP1), 18A2, pEL98, p9Ka, 42A, calcium protein placental homologue, and calvasculin (Garrett et al., 2006) , is a member of the S100 family of dimeric, EF-hand Ca 2ϩ -binding proteins that are found exclusively in vertebrates. The S100 protein family comprises Ͼ20 members, which exhibit 22-57% sequence identity (Marenholz et al., 2004) . Functional diversity of the S100 family is achieved by the Ca 2ϩ -dependent recognition of distinct protein ligands by the individual S100 proteins, their ability to form homo-and heterodimers, and their tissue-specific expression patterns (Zimmer et al., 1995; Donato, 2001; Santamaria-Kisiel et al., 2006) . The interaction of S100 proteins with a diverse range of protein targets impacts numerous cellular processes, such as protein phosphorylation, cell growth and survival, cell motility, and differentiation (Donato, 2001) .
The biological function of S100A4 has been investigated most extensively with respect to its role in promoting tumor metastasis. Elevated S100A4 expression levels correlate with several metastatic cancers, including breast (Rudland et al., 2000) , colorectal (Gongoll et al., 2002) , bladder (Davies et al., 2002) , esophageal (Ninomiya et al., 2001) , non-small-cell lung (Kimura et al., 2000) , gastric (Cho et al., 2003) , medulloblastoma (Hernan et al., 2003) , pancreatic (Rosty et al., 2002) , prostate (Saleem et al., 2005) , and thyroid (Zou et al., 2005) . Mouse and rat models of breast cancer have demonstrated a causal role for S100A4 overexpression in promoting metastasis (Davies et al., 1993; Ambartsumian et al., 1996; Davies et al., 1996) . Consistent with these observations, inhibition of S100A4 expression in tumor cells suppresses metastatic potential (Maelandsmo et al., 1996; Takenaga et al., 1997; Xue et al., 2003) .
In addition to its expression in tumor cells, S100A4 is expressed in normal cells and tissues, including fibroblasts, macrophages, lymphocytes, and bone marrow-derived cells Takenaga et al., 1994c,b) . Although the normal physiological function of S100A4 is not well established, several studies suggest that S100A4 expression promotes a migratory phenotype, and in particular, promotes the epithelial-mesenchymal transition. For example, S100A4 expression in fibroblasts and tumor cells is associated with mesenchymal cell morphology and increased motility (Takenaga et al., 1994a; Strutz et al., 1995; Jenkinson et al., 2004; Chen et al., 2007) , whereas reduction or loss of S100A4 expression correlates with decreased migration and inhibition of epithelial transformation (Okada et al., 1997; Takenaga et al., 1997; Bjornland et al., 1999; Grum-Schwensen et al., 2005; Stein et al., 2006) .
At the molecular level, S100A4 functions as a Ca 2ϩ -activated switch. Calcium-binding drives the adoption of an "open" conformation, which allows S100A4 to bind and regulate the activity of its protein targets (Vallely et al., 2002; Malashkevich et al., 2008) . At present, the best-characterized S100A4 target is nonmuscle myosin-IIA (Kriajevska et al., 1994; Ford et al., 1997; Li et al., 2003) . p53 has also been reported as an S100A4 target (Grigorian et al., 2001; FernandezFernandez et al., 2005) , but recent studies demonstrate that S100A4 does not bind the full-length p53 monomer and only exhibits very weak interactions with p53 tetramers (van Dieck et al., 2009 ). These observations suggest that the proposed regulation of p53 by S100A4 requires reexamination. Other potential cytoskeletal and signaling targets include tropomyosin (Takenaga et al., 1994d) , and liprin ␤1, an interacting protein of the LAR family of transmembrane tyrosine phosphatases (Kriajevska et al., 2002) , but these interactions are not well characterized.
To examine the role of S100A4 in macrophages, we established S100A4-deficient mice by gene targeting. Macrophages derived from these mice display reduced recruitment to sites of inflammation in vivo and consistent with this defect, S100A4
Ϫ/Ϫ bone marrow macrophages (BMMs) exhibit significant defects in chemotactic motility. The motility defects associated with the loss of S100A4 expression in macrophages are the consequence of the dysregulation of myosin-IIA assembly as well as increased Pyk2 activation, enhanced paxillin phosphorylation, and decreased Rac activity. These data provide, for the first time, genetic evidence that S100A4 contributes to the normal physiological motility of macrophages, and they demonstrate a role for S100A4 in regulating macrophage recruitment and chemotaxis in vivo.
MATERIALS AND METHODS

Generation of S100A4 Knockout Mice
S100A4
Ϫ/Ϫ mice were generated through a research agreement with Ozgene Pty Ltd (Bentley DC, WA, Australia). A genomic clone of the S100A4 gene was isolated from a mouse C57BL/6 genomic DNA library. The targeting vector introduced a loxP site 305 base pairs upstream of the start methionine, which is present in the second exon of the S100A4 gene. A phosphoglycerine kinase (PGK) Neo cassette flanked by loxP sites was inserted 426 base pairs downstream of the stop codon in exon 3 ( Figure 1A ). The entire targeting Figure 1 . Generation of S100A4 knockout mice. (A) Map of the S100A4 genomic locus with the S100A4 coding exons indicated in red. The targeting vector introduced loxP sites (black circles) that flank the S100A4 gene and a PGK Neo cassette for ES cell selection. (B) PCR of tail DNA to distinguish between wild-type (2.1 kb) and S100A4 Ϫ/Ϫ (0.5 kb) mice. (C) Morphology of wild-type and S100A4 Ϫ/Ϫ BMMs plated on glass in standard growth medium. Bar, 50 m. (D) Characterization of cell surface markers on isolated BMMs. Ninety-eight percent of the wild-type and S100A4 Ϫ/Ϫ BMMs stain positively for CD11b and F4/80. (E) Immunoblot analysis of S100A4 and myosin-II expression in BMMs isolated from wild-type and S100A4 Ϫ/Ϫ mice, and from BAC1.2F5, a cultured macrophage line. MDA-MB-231 and COS7 cells are controls for myosin-IIB and myosin-IIC expression, respectively. ␤-Actin was used as a loading control.
vector was sequenced because the 5Ј and 3Ј homology arms contain exonic and intronic sequences from upstream and downstream S100 family members. The targeting vector was electroporated into C57BL/6-derived Bruce4 embryonic stem (ES) cells (Kontgen et al., 1993) . ES cells that integrated the targeting vector were identified by Southern blot, and the PGK Neo cassette was removed by treatment with Cre recombinase. S100A4-targeted ES cells were microinjected into C57BL/6 blastocysts and chimeric mice were bred to generate heterozygous F1 mice on an inbred C57BL/6 genetic background. Floxed mice were crossed with Cre-deleter C57BL/6 mice (Schwenk et al., 1995) , which resulted in the complete removal of the S100A4 coding exons on one chromosome. Mice were bred to homozygosity and to remove Cre recombinase. Mice were maintained and inbred in a pathogen-free barrier facility. All experiments were performed according to protocols approved by the Animal Welfare Committee at the Albert Einstein College of Medicine (Bronx, NY).
Mouse Genotyping
Wild-type and S100A4-null animals were genotyped from tail DNA by polymerase chain reaction (PCR) analysis. The following primers were used for PCR of the S100A4 locus: forward primer (5Ј-AGCTGGGGTTTTTCCACTTT-3Ј) and reverse primer (5Ј-ATCCAACCCTTCATGGACAG-3Ј). Expected PCR products are 2.1-and 0.5-kb fragments for wild-type and S100A4
Ϫ/Ϫ mice, respectively.
Isolation of Bone Marrow Macrophages
BMMs were isolated from 6-to 12-wk-old mice as described previously (Stanley, 1997) . In brief, bone marrow cells from femurs and tibias were seeded onto T-75 flasks, containing ␣-minimal essential medium (MEM) Plus (Invitrogen, Carlsbad, CA) supplemented with 15% fetal calf serum (FCS) and 10% WEHI conditioned medium. After 3 d, contaminating red blood cells, fibroblasts, and mature macrophages were removed by subtractive adherence to the plates, and nonadherent cells were transferred to fresh ␣-MEM Plus containing 15% FCS and 1000 U/ml human recombinant colony-stimulating factor-1 (CSF-1) (kindly provided by Dr. E. Richard Stanley, Albert Einstein College of Medicine). After an additional 2-3 d, adherent cells were cultured in ␣-MEM Plus containing 15% fetal bovine serum (FBS) and 10,000 U/ml human recombinant CSF-1 (standard growth medium). Day 5-14 BMMs were used for all experiments. For CSF-1 stimulation experiments, BMMs were CSF-1-starved for 16 -20 h before the start of the experiment.
For BMM transduction, the human S100A4 and TurboRFP lentiviral expression plasmids were purchased from Open Biosystems (Huntsville, AL). To generate infectious lentiviral particles, human embryonic kidney (HEK)293T cells were cotransfected with the second generation packaging plasmids pCMV-dR8.2 dvpr and pCMV-VSVG (Addgene, Cambridge, MA) and the S100A4 or TurboRFP LentiORF plasmids. Virus was collected after 3 d and used to infect BMMs at day 8 of culture for 24 h in the presence of 5 g/ml polybrene (Sigma-Aldrich, St. Louis, MO). Infected cells were cultured in BMM standard growth medium containing 1 g/ml blasticidin S (MP Biomedicals, Solon, OH) for an additional 3-5 d and then used for experiments.
Antibodies and Reagents
The mouse monoclonal ␤-actin antibody was from Sigma-Aldrich. Antibodies to S100A4 were described previously (Li and Bresnick, 2006) . Antibodies to the C termini of human nonmuscle myosin-IIA and myosin-IIB, which react with the human, rat, and mouse myosins (Choi et al., 1996; Lo et al., 2004; Dulyaninova et al., 2007) , were used for blots against whole cell lysates. The antibody against human nonmuscle myosin-IIC, which reacts with monkey and mouse myosin-IIC (Buxton et al., 2003; Golomb et al., 2004) , was a kind gift from Dr. Robert Adelstein (National Heart, Lung, and Blood Institute, Bethesda, MD). The BT561 human NMHC-IIA polyclonal antibody (Biomedical Technologies, Stoughton, MA) and antibodies to full-length platelet myosin-IIA (kind gift from Dr. Robert Adelstein) were used for Triton-insoluble fractions. Phospho-regulatory light chain (RLC) antibodies (T18/S19) were purchased from Cell Signaling Technology (Danvers, MA). Paxillin antibodies were from Millipore Bioscience Research Reagents (Temecula, CA). The paxillin pY118 and Pyk2 pY402 antibodies were from BioSource International (Camarillo, CA). Human fibronectin and the Pyk2, CD16/32, and phycoerythrin (PE)-Cy7-conjugated CD11b antibodies were from BD Biosciences (San Jose, CA). The fluorescein isothiocyanate (FITC)-conjugated GR-1, Alexa 488-conjugated F4/80, and allophycocyanin (APC)-conjugated CD11b antibodies were from Invitrogen. Recombinant mouse CSF-1 was purchased from R&D Systems (Minneapolis, MN). (Ϫ)-Blebbistatin was from Toronto Research Chemicals (North York, ON, Canada).
Thioglycollate-induced Peritonitis
Eight-to 12-wk-old mice were injected intraperitoneally with 1 ml of sterile 3.8% of aged thioglycollate (Sigma-Aldrich). Seventy-two hours after injection mice were carbon dioxide asphyxiated, and cells were collected by intraperitoneal lavage using a total of 9 ml of ice-cold phosphate-buffered saline (PBS) supplemented with 0.5% bovine serum albumin (BSA) and 5 mM EDTA. Trace contaminating erythrocytes were selectively lysed by the addition of 10 ml of 1ϫ RBC lysis buffer (150 mM NH 4 Cl, 0.1 mM EDTA, and 10 mM KHCO 3 ) and incubated on ice for 15 min. Cells were counted with a hemocytometer and adjusted to 5 ϫ 10 6 /ml with cold PBS containing 0.5%BSA. In total, six to 11 mice were used for each time point in three independent experiments.
Flow Cytometry
Cells derived from peritoneal exudates and BMMs were resuspended in PBS containing 0.5% BSA, and Fc receptors were blocked with CD16/32 antibodies. Peritoneal cells (5 ϫ 10 5 ) were stained with FITC-Gr-1 or Alexa 488-F4/80 and PE-Cy7-CD11b antibodies. BMMs were reacted with Alexa 488-F4/80 and APCCD11b antibodies. After staining, cells were washed twice with PBS and then resuspended and fixed in 1% paraformaldehyde/PBS. For flow cytometric analysis, forward and side scatter gates were set to exclude dead cells and aggregates. Data were collected using a FACScan cytometer (BD Biosciences) and analyzed with FlowJo version 8.7 software (TreeStar, (Ashland, OR).
Cell Culture
The BAC1.2F5 macrophage cell line was cultured in ␣-MEM containing 10% FBS and 3000 U/ml human recombinant CSF-1. MDA-MB-231 and COS-7 cells were maintained in DMEM supplemented with 10% fetal bovine serum.
Intracellular S100A4 Concentration
To determine the total intracellular S100A4 protein concentration, wild-type BMMs or MDA-MB-231 cells were trypsinized and imaged with an UPlanFl 10ϫ, 0.3 numerical aperture (NA) objective. The cell diameter was measured for 100 cells, and the total cell volume was calculated using the equation for the volume of a sphere, 4/3(r 3 ). Known cell numbers of BMMs or MDA-MB-231 cells were lysed directly in 2ϫ Laemmli sample buffer and loaded onto a 12% Tricine SDS-polyacrylamide gel along with a standard curve of purified S100A4. S100A4 blots were processed as described below. The relative amount of S100A4 was estimated by densitometry using ImageQuant version 5.0 (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom).
Triton Cytoskeleton Assay
Triton-insoluble fractions of CSF-1-stimulated (20 ng/ml) wild-type and S100A4 Ϫ/Ϫ macrophages were prepared by lysis in ice-cold Triton X (Tx)-100 buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 50 mM KCl, 5 mM MgCl 2 , 0.5% Triton X-100, 5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 5 g/ml each of chymostatin, leupeptin, and pepstatin A). After 5 min of incubation on ice, the supernatant, which contains Triton X-100 -soluble proteins, was removed. The Triton-insoluble fraction was washed twice with ice-cold PBS, resuspended in 2ϫ Laemmli sample buffer, boiled, and separated on 8% SDS-polyacrylamide gel electrophoresis (PAGE) followed by immunoblotting with antibodies to myosin-IIA or ␤-actin. For whole cell lysates, cells were washed with cold PBS and lysed in ice-cold Tx-100 buffer containing 1% SDS, 1 mM EDTA, and 1 mM DTT. Protein concentrations were determined with the DC protein assay (Bio-Rad Laboratories, Hercules, CA) using BSA as a standard. The relative amounts of cytoskeletal myosin-IIA, actin, and paxillin were determined by densitometry using ImageQuant version 5.2.
For experiments using blebbistatin, CSF-1-starved cells were treated with 5 M active (Ϫ)-blebbistatin or with vehicle alone (0.05% dimethyl sulfoxide [DMSO]) for 15 min. Cells were stimulated with 20 ng/ml CSF-1 for 15 min, lysed with ice-cold Tx-100 buffer, and processed as described above.
Immunoblots
To prepare whole cell extracts, BMMs were lysed in a buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 50 mM KCl, 0.5 mM DTT, 1 mM PMSF, and 5 g/ml each of chymostatin, leupeptin, and pepstatin) supplemented with 2% SDS. For S100A4 or ␤-actin immunoblots, lysates were separated on a 12% Tricine SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. For myosin-II immunoblots, lysates were separated on a 6% glycine SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. For phospho-paxillin and phospho-Pyk2 immunoblots, BMMs were lysed in the buffer described above supplemented with 20 mM NaF and a 1:100 dilution of phosphatase inhibitor cocktails I and II (Sigma-Aldrich). Lysates were separated on an 8% Tricine SDS-polyacrylamide gel. Immunoreactive proteins were detected using the SuperSignal West Pico chemiluminescent detection system (Pierce Chemical, Rockford, IL). The relative amounts of pY118 paxillin/total paxillin and pY402 Pyk2/total Pyk2 were estimated by densitometry. ␤-Actin immunoblots were used as a loading control. Phosphorylation was expressed as the fold change relative to unstimulated cells.
For phospho-RLC antibody (T18/S19) immunoblots, total cell lysates from CSF-1-stimulated cells were prepared by direct addition of ice-cold 10% trichloroacetic acid supplemented with 10 mM DTT to the cell culture dish. Cell samples were collected by scraping followed by microcentrifugation. Cell pellets were washed twice with ice-cold acetone containing 10 mM DTT and resuspended in 2ϫ Laemmli sample buffer and separated on 15% SDS-PAGE. Relative phosphorylation of the RLC was estimated by densitometry as described above.
Rac Activation Assay
At specific times after CSF-1 stimulation, dishes were placed on ice and BMMs were washed with ice-cold PBS containing 0.5 mM sodium vanadate. Cells were lysed in a buffer containing 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1% NP-40, 1 mM DTT, 5% glycerol, 0.5 mM sodium vanadate, 1 mM PMSF, and 5 g/ml each of chymostatin, leupeptin, and pepstatin. Total protein concentrations were determined using the DC protein assay. Active guanosine triphosphate (GTP)-bound Rac1 pull-down assays were performed with a Rac1 activation kit (Pierce Chemical). One-twelfth of the total lysate was used for the detection of total Rac1. The remaining lysate (0.8 mg of total protein) was used to pull down GTP-Rac1 as per the manufacturer's instruction. Total cell lysates and Rac1 pull-downs were resolved by 12% Tricine SDS-PAGE. Proteins were detected with the Rac1 antibody supplied in the kit. The relative amounts of active and total Rac1 were estimated by densitometry. Relative Rac1 activation was determined by dividing the values obtained by densitometry of Rac1-GTP pull downs by the values obtained for total Rac1. Activation was expressed as the fold change relative to unstimulated cells.
Boyden Chamber Assays
CSF-1-starved BMMs were seeded into the top chamber of an 8-m transwell in CSF-1-free medium or in medium containing 20 ng/ml recombinant mouse CSF-1 for chemotaxis and chemokinesis experiments, respectively. The transwells were placed into wells containing medium supplemented with 20 ng/ml CSF-1, and the cells were allowed to migrate at 37°C for 3 h or for 5 h (rescue experiments). For controls, CSF-1-free medium was placed into the lower well. Membranes were fixed with 3.7% formaldehyde and stained with 4,6-diamidino-2-phenylindole (DAPI). From nine to 20 random fields of cells on the underside of the membrane were counted using an UPlanFl 10ϫ, 0.3 NA objective. Migration toward CSF-1 was expressed as the fold change relative to migration in the absence of CSF-1 in the lower well.
Random Motility
BMMs (8 ϫ 10 4 ) were plated on 35-mm bacterial plastic Petri dishes in standard macrophage growth medium. For imaging, the cells were maintained at 37°C using a PDMI-2 stage microincubator (Harvard Apparatus, Holliston, MA), and the pH was maintained by perfusing the medium with 5% CO 2 . Evaporation was prevented by overlaying the medium with mineral oil. Phase images were acquired with an UPlanFl 10ϫ, 0.3 NA objective every 5 min for 5-6 h.
For kymography of randomly migrating cells, 8 ϫ 10 4 BMMs were plated on 35-mm glass-bottomed dishes (MatTek, Ashland, MA) coated with 3 g/cm 2 (13.2 g/ml) fibronectin. Before imaging, the medium was replaced with prewarmed growth medium containing 20 mM HEPES. The temperature was maintained at 37°C using a heated stage (WPI, Sarasota, FL). Images were recorded every 20 s over a 20-min period using a UPlanFl 20ϫ, 0.5 NA objective.
Micropipette Assay
BMMs (8 ϫ 10 4 ) were plated on 35-mm glass-bottomed dishes coated with fibronectin as described above. A Femtojet micromanipulator and pump (Eppendorf-Brinkmann Instruments, Westbury, NY) were used to control the position and the flow from the micropipette. A micropipette was filled with 120 ng/ml recombinant mouse CSF-1 and 0.5 mg/ml 10-kDa rhodaminedextran and placed ϳ60 m from the edge of a quiescent cell. Images were recorded every 20 s over a 30-min period using a UPlanFl 20ϫ, 0.5 NA objective with the magnification selection knob set to 1.5. Cell perimeters were traced and the coordinates of the cell centroid for each frame of the film were determined using ImageJ (National Institutes of Health, Bethesda, MD; Rasband, 1997 Rasband, -2007 . Cell motility parameters and difference pictures were calculated using macros developed by the Analytical Imaging Facility and the Gruss-Lipper Biophotonics Center (Albert Einstein College of Medicine). Directionality is defined as the net path divided by the total path length. The angle describes the motility path of a cell and is defined by two reference lines; the line from the cell centroid to the tip of the micropipette at t ϭ 0, and a line from the cell centroid at t ϭ 0 to the cell centroid at t ϭ final.
For assays performed in the presence of blebbistatin, CSF-1-starved macrophages were treated with 5 M (Ϫ)-blebbistatin or DMSO (0.05%) for 15 min before directional stimulation with 120 ng/ml CSF-1.
Cells directionally stimulated with CSF-1 for 15 min were fixed by the addition of an equal volume of 8% paraformaldehyde to the cell culture medium (final concentration, 4%). Fixed cells were permeabilized with 0.2% Triton X-100 for 5 min, blocked with 10% horse serum and 1% BSA in Tris-buffered saline, and stained with the pY118 paxillin antibody. For the analysis of paxillin pY118 immunofluorescence in directionally stimulated cells, cell perimeters were traced and the coordinates of the cell centroid were determined. A 90°angle was drawn from the cell centroid to the cell edge along the side of the cell facing the micropipette. The mean pixel intensity was determined for the cellular region delineated by the 90°angle (cell front) and for the entire cell. The data are expressed as the ratio of the mean pixel intensity of the cell front (region facing the micropipette) to the entire cell.
Microscopy
All images were acquired using IPLab Spectrum software and a CoolSNAP HQ interline 12-bit, cooled charge-coupled device camera (Roper Scientific, Trenton, NJ) mounted on an IX70 microscope (Olympus, Melville, NY).
Kymography
For kymographs of randomly migrating cells, cells were overlaid with a template of eight equally spaced lines radiating from the cell nucleus to the cell periphery (Miller et al., 2004) . Kymographs were generated and analyzed with ImageJ and Excel software (Microsoft, Redmond, WA) at all eight positions for each cell. For directionally stimulated cells, kymographs were generated by drawing a line from the tip of the micropipette to the cell centroid before CSF-1 stimulation. The frequency, persistence, and velocity of lamellipodial protrusions and retractions were quantified as described previously (Hinz et al., 1999) .
Statistical Analysis
Unpaired Student's t tests were performed to assess the statistical significance of all assays.
RESULTS
Generation of S100A4-deficient Mice C57BL/6 mice heterozygous for floxed S100A4, in which loxP sites flank the two S100A4 coding exons, were generated and crossed with Cre-deleter mice (Schwenk et al., 1995) . Recombination resulted in complete removal of the S100A4 coding exons on one chromosome ( Figure 1A ). S100A4 ϩ/Ϫ mice were bred to homozygosity ( Figure 1B ) and the resulting S100A4 Ϫ/Ϫ mice were fertile, grew normally, and exhibited no overt abnormalities as compared with wild-type mice. To examine S100A4 expression in cells of the mononuclear phagocyte system, bone marrow-derived macrophages were isolated by selecting for CSF-1-responsive macrophage lineage precursors (Stanley, 1997) . On the basis of morphology and surface expression of CD11b and F4/80 (Figure 1 , C and D, and Supplemental Figure S1 ), 98% of the cells obtained with this protocol were macrophages. Both Bac1.2F5 cells, a cultured CSF-1-dependent macrophage line, and wild-type BMMs expressed high levels of S100A4 ( Figure 1E ). For MDA-MB-231 cells and wild-type BMMs, we estimated intracellular concentrations of 4.7 and 3.4 M S100A4, respectively, whereas S100A4 protein expression in S100A4 Ϫ/Ϫ BMMs was undetectable. Ϫ/Ϫ BMMs; 20 ng/ml CSF-1 was present in only the lower chamber. (C) Chemotaxis (5 h) of wild-type BMMs, S100A4
Ϫ/Ϫ BMMs, and S100A4 Ϫ/Ϫ BMMs expressing either TurboRFP or human S100A4; 20 ng/ml CSF-1 was present in only the lower chamber. Inset, expression of S100A4 in primary BMMs. ␤-Actin was used as a loading control. 1, S100A4
Ϫ/Ϫ BMMs transduced with a TurboRFP lentivirus; 2, S100A4 Ϫ/Ϫ BMMs transduced with the human S100A4 lentivirus; 3, S100A4 Ϫ/Ϫ BMMs; and 4, wild-type BMMs. Wild-type and S100A4
Ϫ/Ϫ BMMs expressed equivalent levels of nonmuscle myosin-IIA and none of the macrophage lines examined express the B or C isoforms of nonmuscle myosin-II ( Figure 1E ). Based on quantitative reverse transcription (qRT)-PCR, we did not detect any changes in the mRNA expression of S100 family members known to be expressed in macrophages with the exception of S100A8, which was expressed at 100-fold lower levels in S100A4 Ϫ/Ϫ BMMs (Supplemental Figure S2, A and B) . However, S100A8 protein expression was not detected in either wildtype or S100A4 Ϫ/Ϫ BMMs (Supplemental Figure S2C) .
S100A4 Mediates the Recruitment of Macrophages to Sites of Inflammation In Vivo
To evaluate how the loss of S100A4 affects macrophage recruitment to sites of inflammation in vivo, we used a thioglycollate-induced model of peritonitis. Seventy-two hours after thioglycollate (TG) injection, peritoneal exudates were analyzed by flow cytometry using side scatter and cell surface marker expression to distinguish the cell populations present in the peritoneal cavity (Chan et al., 1998; Cook et al., 2003; Xia et al., 2009 ; Supplemental Figure S3 ). There was no difference in the total number of peritoneal cells in exudates from untreated and TG-treated wild-type and S100A4 Ϫ/Ϫ mice (data not shown); however, there was a 36% decrease in resident peritoneal macrophages in S100A4 Ϫ/Ϫ animals ( Table 1 ). In TG-injected animals, resident macrophages constituted Ͻ1% of the total cells recovered from peritoneal exudates (Supplemental Figure S3) . At 72 h after TG treatment, there was a 38% reduction in the recruitment of inflammatory macrophages to the peritoneal cavity in S100A4 Ϫ/Ϫ mice (Table 1) . Interestingly, in 72-h TG exudates from S100A4 Ϫ/Ϫ animals, there was a 31% increase in eosinophils.
S100A4
؊/؊ BMMs Exhibit Defects in CSF-1-stimulated Motility Because the loss of S100A4 resulted in impaired recruitment of macrophages in vivo, we examined the motility properties of S100A4 Ϫ/Ϫ macrophages in vitro. Deletion of S100A4 had no significant effect on the migration speed, directionality, or net path length of randomly migrating macrophages (Table 2) . Nor did we detect any alterations in the dynamics of lamellipodial protrusions of randomly migrating cells (Supplemental Figure S4) . To investigate whether S100A4 regulates directed cell migration, wild-type and S100A4 Ϫ/Ϫ macrophages were examined for their ability to migrate toward CSF-1 in a Boyden chamber assay. In chemokinesis assays, the loss of S100A4 had a modest effect on migration with a 24% reduction in the motility of S100A4 Ϫ/Ϫ BMMs (Figure 2A) . In chemotaxis assays, wild-type BMMs showed a 4.5-fold increase in migration in response to CSF-1, whereas S100A4 Ϫ/Ϫ BMMs displayed only a 2.7-fold increase (60% of the wild-type response) in their CSF-1-stimulated motility ( Figure 2B ). Lentiviral transduction of S100A4 Ϫ/Ϫ BMMs with human S100A4 rescued the defect in CSF-1-mediated chemotaxis, whereas expression of Turbo RFP had no effect on the chemotactic capabilities of S100A4-null macrophages ( Figure 2C ).
To quantitatively assess how the loss of S100A4 affects CSF-1-stimulated motility, we used a micropipette chemotaxis assay (Mouneimne et al., 2004; Li and Bresnick, 2006) . A CSF-1-filled pipette was placed ϳ60 m away from the edge of a quiescent cell, and migration toward the source of CSF-1 was monitored by time-lapse microscopy (Supplemental Video 1). Centroid plot analysis, which shows the position of cell centroids traced at consecutive time intervals, demonstrated that S100A4 Ϫ/Ϫ BMMs exhibited a random walking path or moved in tight circles, compared with wild-type macrophages, which displayed more linear movement during chemotaxis toward CSF-1 ( Figure 3A and Supplemental Video 1). Although wild-type and S100A4
Ϫ/Ϫ cells migrated at the same velocities, S100A4 Ϫ/Ϫ BMMs showed a significant reduction in the net path length. As a consequence, directionality, which is the ratio of the net to the total path, was lower in S100A4-deficient BMMs (Table 3 ). An examination of the direction change, which relates the cell trajectory to the position of the micropipette and reflects the frequency of turning during migration, revealed that S100A4 Ϫ/Ϫ BMMs have a 2.8-fold higher turning frequency compared with wild-type cells (Table 3) , which is consistent with the reduced directionality measured for S100A4 Ϫ/Ϫ cells. Although not statistically significant (p ϭ 0.052), we observed a consistent reduction in the chemotactic index of S100A4 Ϫ/Ϫ BMMs. Difference pictures of a representative wild-type BMM show that most protrusions localized to the anterior half of the cell that faces the micropipette ( Figure 3B ). In contrast, corresponding difference pictures of a representative S100A4 Ϫ/Ϫ cell indicate that protrusions occur along the anterior, as well as the sides and posterior of the cell ( Figure 3C ). (D) Kinetics of total T18/S19 RLC phosphorylation in stimulated wild-type (solid lines) and S100A4 Ϫ/Ϫ (dotted lines) BMMs. (E) Relative amount of myosin-IIA heavy chain and ␤-actin in Triton-insoluble fractions and whole cell lysates from wild-type and S100A4
Ϫ/Ϫ BMMs stimulated with CSF-1 for 20 min. Right, Coomassie-stained whole cell lysates used for the immunoblots. (F) Relative amount of myosin-IIA heavy chain and ␤-actin in Triton-insoluble fractions from S100A4 Ϫ/Ϫ BMMs expressing either TurboRFP or human S100A4 after stimulation with CSF-1 for 20 min. Right, Coomassie-stained whole cell lysates used for the immunoblots.
Loss of S100A4 Increases the Frequency but Decreases the Persistence and Size of Protrusions Due to Actomyosin-IIA Overassembly
To examine the basis for the migratory defects observed with S100A4
Ϫ/Ϫ macrophages, we used kymograph analysis to examine protrusion dynamics in cells responding to CSF-1 from a micropipette ( Figure 4A ). S100A4 Ϫ/Ϫ BMMs extended protrusions with the same velocities as wild-type cells ( Figure 4B) ; however, the protrusions of S100A4 Ϫ/Ϫ macrophages were 2.4-fold less persistent and 2.5-fold smaller than those of wild-type macrophages (Figure 4, C  and D) . In addition, S100A4 Ϫ/Ϫ cells had more frequent protrusions (1.6-fold) than wild-type BMMs ( Figure 4E ).
Given that in vitro and in vivo studies demonstrate a role for S100A4 in regulating myosin-IIA assembly (Ford et al., 1997; Li et al., 2003; Li and Bresnick, 2006) , we examined the kinetics of myosin-IIA assembly in CSF-1-stimulated wildtype and S100A4
Ϫ/Ϫ BMMs. In wild-type cells, we observed four peaks of Triton-insoluble (e.g., assembled) myosin-IIA at 0.5, 2, 6, and 10 min after CSF-1 stimulation ( Figure 5A ). Coincident with the peaks of myosin-IIA assembly, we also detected cross-linked ␤-actin in wild-type cells ( Figure 5 , B and C). In S100A4 Ϫ/Ϫ BMMs, the first peak of myosin-IIA assembly occurred at 0.5 min; however, the second peak was shifted to a slightly earlier time (1.5 min). The third and fourth peaks merged into a single broad peak that began 3-4 min after CSF-1 stimulation and remained high until 20 min. At these later times, there was a 1.5-to 1.8-fold increase in the relative amount of myosin-IIA in Triton cytoskeletons compared with wild-type BMMs ( Figure 5, A and E) . A similar increase in cytoskeletal actin was observed in S100A4 Ϫ/Ϫ BMMs, which paralleled the change in myosin-IIA assembly ( Figure 5B ). Reexpression of human S100A4 in S100A4 Ϫ/Ϫ BMMs reduced the amount of cytoskeletal myosin-IIA by 37 Ϯ 8.5% (mean Ϯ SD from two independent experiments; Figure 5F ), which is comparable with wildtype levels. We also examined the phosphorylation status of total RLC in CSF-1-stimulated cells. In contrast to the alterations observed in myosin-IIA filament assembly for S100A4-null cells, the kinetics of RLC monophosphorylation (data not shown) and diphosphorylation ( Figure 5D ) were the same for wild-type and S100A4
Ϫ/Ϫ cells. To modulate actomyosin overassembly, we treated S100A4 Ϫ/Ϫ BMMs with low concentrations of the myosin-II ATPase inhibitor blebbistatin. Blebbistatin preferentially binds to myosin-ADP⅐P i , thus stabilizing myosin-II in a weak actin binding state (Kovacs et al., 2004; Limouze et al., 2004) , resulting in an overall decrease in actomyosin. Treatment of CSF-1-stimulated S100A4 Ϫ/Ϫ macrophages with 5 M blebbistatin decreased assembled actin and myosin-IIA ( Figure 6A ), consistent with a reduction in myosin-IIA actin cross-linking activity. Next, we used the micropipette chemotaxis assay to examine protrusion dynamics in blebbistatin-treated S100A4 Ϫ/Ϫ BMMs. Low blebbistatin concentrations did not affect protrusion persistence in wild-type cells but did restore protrusion persistence in S100A4 Ϫ/Ϫ cells ( Figure 6B ). However, other protrusion parameters such as distance, velocity, and frequency were not affected by treatment with blebbistatin under our experimental conditions (data not shown). Time-lapse microscopy of blebbistatintreated S100A4 Ϫ/Ϫ BMMs showed that even though tail retraction is somewhat impaired, the cells polarize and exhibit more linear movement toward the source of CSF-1 (Supplemental Video 2).
Responsiveness of the Cytoskeleton to CSF-1 Receptor Signaling Is Altered in S100A4
؊/؊ Macrophages Based on our observations that S100A4 Ϫ/Ϫ BMMs rapidly extend small, short-lived protrusions, we considered that loss of S100A4 may also affect focal adhesions through these myosin-II-associated perturbations. First, we examined the activation of Pyk2, a nonreceptor protein tyrosine kinase closely related to FAK that is expressed in macrophages (Okigaki et al., 2003) . In wild-type BMMs, phosphorylation on Y402 remained relatively unchanged after CSF-1 stimulation. This contrasted with S100A4 Ϫ/Ϫ BMMs, which exhibited a 1.4-fold increase in the relative amount of pY402 Pyk2 by 4 min after CSF-1 stimulation ( Figures 7A) . However, basal Pyk2 phosphorylation was higher in wild-type than in S100A4
Ϫ/Ϫ BMMs (compare 0 min in Figure 7A ). In macrophages, Pyk2 phosphorylates paxillin (Gismondi et al., 1997; Hiregowdara et al., 1997) . Because phosphorylation on paxillin Y118 is associated with adhesion assembly (Zaidel-Bar et al., 2007) , we used this as a marker for the formation of focal complexes. Similar to Pyk2, we observed alterations in total paxillin phosphorylation levels in S100A4-deficient cells. Phosphorylation on paxillin Y118 increased 1.5-fold by 8 min after CSF-1 stimulation in wildtype macrophages. In S100A4 Ϫ/Ϫ BMMs, paxillin Y118 phosphorylation increased rapidly after CSF-1 stimulation, with maximal changes of 2.4-fold detected by 8 min ( Figure  7B ). Because CSF-1 induced robust phosphorylation of paxillin on Y118 in both wild-type and S100A4
Ϫ/Ϫ BMMs, we examined the redistribution of pY118 paxillin to Tritoninsoluble cytoskeletons after CSF-1 addition. In wild-type macrophages, CSF-1 promoted the rapid redistribution of pY118 paxillin, with a 1.9-fold increase in phosphorylated paxillin associated with the cytoskeletal fraction by 4 min after stimulation followed by a gradual decline in pY118 paxillin associated with the cytoskeleton ( Figure 7C ). Although S100A4 Ϫ/Ϫ BMMs displayed an overall increase in total pY118 paxillin, the amount of phospho-paxillin associated with Triton cytoskeletons was reduced significantly compared with wild-type cells. There was a slight increase in pY118 paxillin at 1.5 min after stimulation followed by a decrease in cytoskeleton-associated pY118 paxillin ( Figure  7C) ; however, in unstimulated cells more pY118 paxillin was associated with the cytoskeleton in S100A4 Ϫ/Ϫ than wildtype BMMs. Immunofluorescence studies demonstrated that for cells globally stimulated with CSF-1, pY118 paxillin uniformly distributed along the cell periphery in both wild-type and S100A4
Ϫ/Ϫ cells, with fewer focal complexes detected in S100A4 Ϫ/Ϫ BMMs ( Figure 7D , a and b), which is consistent with biochemical assays. In wild-type cells that were stimulated with CSF-1 from a micropipette, pY118 paxillin was enriched in protrusions that face the source of chemoattractant by 13%, whereas in S100A4 Ϫ/Ϫ BMMs phosphorylated paxillin localized principally along the cell perimeter (Figure 7D, c and d; and E) . Consistent with these alterations in signaling to the adhesion apparatus, S100A4
Ϫ/Ϫ BMMs exhibited a 10 -20% reduction at early times of cell attachment compared with wild-type cells (Supplemental Figure S5) . By 15 min, no differences in attachment could be detected between wild-type and S100A4-null cells.
Because Rac1 is involved in the formation and turnover of adhesions (del Pozo et al., 2000; Wells et al., 2004; Wheeler et al., 2006) , we examined the kinetics of Rac activation in CSF-1-stimulated wild-type and S100A4
Ϫ/Ϫ BMMs. In wild-type cells, a sharp rise in Rac activity (1.5-fold over unstimulated cells) was observed at 1.5 min after CSF-1 stimulation, followed by a slow increase in Rac activation ( Figure 7F ). This profile contrasted sharply with the kinetics observed in S100A4 Ϫ/Ϫ BMMs, where Rac1 activity rapidly decreased followed by a gradual increase in activity. As a consequence, 1.5 min after CSF-1 stimulation, Rac activity was 2.6-fold lower in S100A4 Ϫ/Ϫ macrophages as compared with wild-type cells. 
DISCUSSION
In this study, we demonstrate that macrophages express high levels of S100A4 and that S100A4 regulates the motile and invasive capabilities of these cells. Based on the criteria of morphology, CSF-1-dependent growth, and expression of the cell surface markers CD11b and F4/80, these studies were performed on a highly enriched population of bone marrow-derived macrophages (98%) that is free of contaminating fibroblast-like cells. Despite early studies demonstrating S100A4 expression in monocytes, macrophages, and lymphocytes by immunoblotting techniques (Takenaga et al., 1994b,c) , the detection of S100A4-expressing immune cells by immunohistochemical methods has been controversial due to the possible lack of selectivity of S100A4 antibodies. Thus, it has been suggested that S100A4 (also known as FSP1) is exclusively expressed in fibroblasts (Strutz et al., 1995; Inoue et al., 2005a; Inoue et al., 2005b; Le Hir and Kaissling, 2005) . As a consequence, S100A4 is used frequently as a marker to identify fibroblasts, within the tumor microenvironment (Egeblad et al., 2005; Sugimoto et al., 2006; Zeisberg et al., 2007; Joyce and Pollard, 2009 ) and under other pathological states, including fibrosis, rheumatoid arthritis, and pulmonary disease . BMMs and mouse embryonic fibroblasts derived from wild-type mice express comparable levels of S100A4 (Supplemental Figure S6) ; thus, histological studies with S100A4 antibodies are unlikely to distinguish between fibroblasts and macrophages. Our results indicate that the identification of fibroblasts in mouse tissues based solely on immunohistochemical analysis of S100A4 expression requires careful reexamination.
Although wound healing and transwell assays suggested a role for S100A4 in promoting the motility of fibroblasts and cancer cells (Bjornland et al., 1999; Grum-Schwensen et al., 2005; Stein et al., 2006; Chen et al., 2007) , a detailed analysis of S100A4-dependent motility has not been performed in any cell type. Results presented here unequivocally demonstrate the involvement of S100A4 in regulating cell migration both in vivo and in vitro. Interestingly, the loss of S100A4 has no affect on random motility in vitro, whereas S100A4-deficient BMMs exhibit a significant impairment in chemotactic motility. During CSF-1-stimulated chemotaxis, S100A4 Ϫ/Ϫ BMMs rapidly extend small, highly unstable protrusions with high frequency. Due to the reduction in lamellipodial stability, S100A4
Ϫ/Ϫ macrophages turn more frequently and translocate with less persistence than wildtype cells. These data support a role for S100A4 in maintaining cell polarization during chemotactic migration, and they are consistent with previous studies demonstrating that interactions between myosin-IIA and S100A4 mediate directional protrusions in tumor cells (Li and Bresnick, 2006) . Whether the maintenance of polar directionality during chemotactic migration will be a general feature of S100A4 function in all cell types will require a detailed comparative analysis of additional S100A4-expressing and S100A4-deficient cell lines. S100A4 binds in a Ca 2ϩ -dependent manner to the Cterminal coiled-coil of the myosin-IIA heavy chain to promote filament depolymerization and increase the amount of soluble myosin-IIA (Li et al., 2003; Garrett et al., 2008; Malashkevich et al., 2008) . In addition, S100A4 increases the apparent critical monomer concentration for myosin-IIA assembly (Li et al., 2003) . Consistent with these in vitro analyses, studies presented here demonstrate that the loss of S100A4 results in increased myosin-IIA filament assembly in vivo. These changes in myosin-IIA assembly are mediated through S100A4's interaction with the heavy chain because the extent and kinetics of RLC phosphorylation are the same in wild-type and S100A4-deficient cells. Although RLC phosphorylation is unchanged, our data show that the increase in myosin-IIA filament assembly in S100A4 Ϫ/Ϫ cells allows for enhanced actin filament cross-linking. In contrast to muscle myosin-II, nonmuscle myosin-II assembles into small filaments (Niederman and Pollard, 1975; Verkhovsky et al., 1995) , thus limiting the number of myosin-II heads that can interact with F-actin relative to the more extensive assemblies present in muscle. However, the enhanced myosin-II assembly in S100A4-null BMMs would increase the number of myosin heads within filaments as well as potential interactions with actin. Augmented interactions with actin would promote cortical stability and may increase contractile force and retrograde flow in the lamellum, thus limiting actin polymerization in the lamellipodium and decreasing protrusion (Vicente-Manzanares et al., 2009) . Consistent with this idea, blebbistatin treatment, which would have a disruptive effect on myosin-II's actin cross-linking activity, partially restores the protrusive defects observed in S100A4 Ϫ/Ϫ BMMs. Although we measured global effects of blebbistatin on actomyosin cross-linking, the observed rescue in protrusion persistence could be the consequence of local alterations in the activity of specific myosin-II pools.
In addition to affecting myosin-IIA assembly directly, our data show that the loss of S100A4 also impacts signaling downstream of the CSF-1 receptor. CSF-1 ligation in quiescent macrophages stimulates lamellipodial protrusions and the formation of focal complexes via a signaling pathway that involves Pyk2 activation (Hatch et al., 1998) , paxillin phosphorylation, and translocation to the plasma membrane (Nakamura et al., 2000; Pixley et al., 2001; Zaidel-Bar et al., 2007) , the recruitment of SH2 containing proteins that promote Rac activity (Vedham et al., 2005; Sakai et al., 2006; Lee et al., 2007; Frank and Hansen, 2008) and the formation of a stable lamellipodium (del Pozo et al., 2000; Nishiya et al., 2005; Sakai et al., 2006; Figure 8) . Cytoskeletal integrity and calcium signaling have been shown to mediate Pyk2 activation, and we propose that alterations in both contribute to the elevated Pyk2 activation observed in S100A4-null cells. Model showing how S100A4 impacts CSF-1 signaling in macrophages. Pyk2 activation is mediated by calcium signaling (1) and cytoskeletal integrity (2). Activated Pyk2 promotes paxillin phosphorylation on pY118, and the recruitment of intermediary signaling molecules that recruit and activate Rac, which modulates the formation of adhesions as well as protrusive activity. The loss of S100A4 results in actomyosin overassembly and may alter local calcium dynamics near the plasma membrane, resulting in hyperactivation of Pyk2 and associated dysregulation of downstream signaling events. Pyk2 activation is mediated, in part, by an intact cytoskeleton (Hiregowdara et al., 1997; Brinson et al., 1998; Wu et al., 2006) , and we propose that stabilization of the actomyosin cytoskeleton observed in S100A4-deficient cells contributes to the increase in Pyk2 activation detected in these cells. Augmented Pyk2 activation would also drive enhanced phosphorylation on paxillin Y118. In addition, recent studies suggest that myosin-II contractility mediates phosphorylation on paxillin Y118 (Schneider et al., 2009; Pasapera et al., 2010) ; thus, myosin-II overassembly in S100A4-null cells may also directly modulate paxillin phosphorylation. Although these cells exhibit increased pY118 paxillin, phosphorylated paxillin fails to translocate to the Triton-cytoskeleton, which will affect the recruitment of intermediate signaling complexes and subsequent Rac activation. Because Rac1 regulates protrusive activity in macrophages, as well as the formation and turnover of adhesions (del Pozo et al., 2000; Wells et al., 2004; Wheeler et al., 2006) , an inability to form new adhesions at the leading edge after directional stimulation with CSF-1 would contribute to the reduced lamellipodial stability observed for S100A4 Ϫ/Ϫ BMMs. In addition, to its regulation by the cytoskeleton, Pyk2 is activated by increased intracellular calcium (Sanjay et al., 2001; Faccio et al., 2003; Yamamoto et al., 2008) ; thus, it could be argued that the loss of S100A4 could activate Pyk2 via the disruption of calcium homeostasis. Although originally considered to function as calcium buffering proteins, recent studies demonstrate that S100 proteins act as calcium sensors to modulate cellular responses to specific biological stimuli (Xiong et al., 2000; McNeill et al., 2007; Prosser et al., 2008) . Based on these observations we propose that S100A4 regulates local calcium dynamics at the leading edge. In vivo studies with a biosensor that reports on the Ca 2ϩ -bound activated form of S100A4 supports the idea that S100A4 functions as a regiospecific calcium sensor rather than as a buffer of global increases in cytosolic calcium. In lysophosphatidic acid-stimulated and randomly migrating fibroblasts, localized and transient S100A4 activation is observed in cell extensions and areas of the leading edge undergoing dynamic remodeling . Similarly, in fibroblasts and human breast cancer cells migrating into a wound, S100A4 activation is highest at the leading edge (unpublished observations). Moreover, recent studies have identified short-lived calcium microdomains in polarized migrating cells that are required to maintain the structure and activity of the leading edge (Evans and Falke, 2007; Wei et al., 2009) . Such microdomains might be responsible for the regiospecific regulation of both Pyk2 and S100A4.
Perhaps most notably our studies demonstrate that S100A4 expression is important for the recruitment of myeloid cells to sites of inflammation, which is consistent with the observed defects in chemotactic motility. One surprising finding was that increased numbers of eosinophils were detected in TG-stimulated S100A4 Ϫ/Ϫ animals. At this time, there is no information as to whether S100A4 is expressed in eosinophils; thus, the biological significance of these observations will require further investigation. However, given that S100A4 is important for neutrophil and macrophage recruitment to sites of inflammation in vivo, S100A4 may be make a widespread contribution to immune function.
